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ISTP observations of plasmoid ejection:
IMP 8 and Geotail

J. A. Slavin,! D. H. Fairfield,’ M. M. Kuznetsova,' C. J. Owen,? R. P, Lepping,'
S. Taguchi,* T. Mukai,* Y. Saito,* T. Yamamoto,* S. Kokubun,>
A.T. Y. Lui% and G. D. Reeves’

Abstract. IMP 8 and Geotail observations of traveling compression regions (T'CRs) and
plasmoids, respectively, are used to investigate plasmoid formation and ejection. One year
of IMP 8 magnetometer measurements taken during the distant tail phase of the Geotail
mission were searched for TCRs, which signal the release of plasmoids down the tail. A
total of 10 such intervals were identified. Examination of the Geotail measurements
showed that this spacecraft was in the magnetotail for only three of the events. However,
in all three cases, clear plasmoid signatures were observed at Geotail. These plasmoids
were observed at distances of X’ = — 170 to —197 Rg. The in situ plasma velocities in
these plasmoids are found to exceed the time-of-flight speeds between IMP 8§ and Geotail
suggesting that some further acceleration may have taken place following release. The
inferred lengths of these plasmoids, ~27—40 R, are comparable to the downtail distance
of IMP 8. This indicates that TCR at IMP 8 can be caused by plasmoids forming not only
earthward but also adjacent to or just tailward of the spacecraft. The closeness of IMP 8
to the point of plasmoid formation is confirmed by the small, ~0-3 min, time delays
between the TCR perturbation and substorm onset. In two of the plasmoid events, high-
speed earthward plasma flows and streaming energetic particles were measured in the
plasma sheet boundary layer surrounding the plasmoid along with large positive B, at the
leading edge of the plasmoid suggesting that the core of the plasmoid was “snow plowing”
into flux tubes recently closed at an active distant neutral line. In summary, these unique

two-point measurements clearly show plasmoid ejection near substorm onset, their rapid
movement to the distant tail and their further evolution as they encounter preexisting X

lines in the distant tail.

1. Introduction

One of the most important developments during the previ-
ous decade was the observation of “plasmoids™ moving down
the tail during substorms in much the manner originally envis-
aged by Schindler [1974] and Hones [1976]. A plasmoid is a
three-dimensional segment of the plasma sheet that is ejected
down the magnetotail following substorm onset. Critical ISEE
3, Galileo, and Geotail observations supporting the existence
of plasmoids include high-speed tailward flows in the plasma
sheet [Hones et al., 1984; Baker et al,, 1987; Machida et al., 1994;
Frank et al., 1994; Mukai et al., 1996], magnetic field variations
consistent with quasi-closed loop or quasi-flux rope topologies

'Laboratory for Extraterrestrial Physics, NASA Goddard Space
Flight Center, Greenbelt, Maryland.

Astronomy Unit, Queen Mary and Westfield College. London,
England, United Kingdom.

‘Department of Electronic Engineering, University of Electro-
Communications, Tokyo, Japan.

‘Institute of Space and Astronantical Science, Sagamihara, Kana-
gawa, Japan.

*Solar-Terrestrial Environment Laboratory, Nagoya University,
Togokawa, Japan.

Applied Physics Laboratory, Johns Hopkins University, Laurel,
Maryland.

"Los Alamos National Laboratory, Los Alamos, New Mexico.

Copyright 1998 by the American Geophysical Union.

Paper number 97JA02136.
0148-0227/98/971A-02136%09.00

[Slavin et al., 1989; Moldwin and Hughes, 1991; Lepping et al.,
1995; Slavin et al., 1995; Khurana et al., 1995; Kivelson et al.,
1996; A. Ieda et al., Statistical analysis of plasmoid evolution
with Geotail observations, submitted to Journal of Geophysical
Research, 1997), isotropic and unidirectional energetic electron
distributions within closed loop [Scholer et al., 1984 and flux
rope-type |Belehaki et al., 1996] plasmoids, respectively, ener-
getic ion anisotropies and three-dimensional plasma flows in-
dicating the envelopment of the spacecraft by a bulge in the
plasma sheet [Richardson et al., 1987; Owen and Slavin, 1992;
Kawano et al., 1994], and traveling compression regions
(TCRs) in the surrounding lobes [Slavin er al., 1984, 1993;
Taguchi et al.. 1997]. It has also been shown that the majority
of well-defined, isolated substorms produce plasmoid signa-
tures in the deep tail [Slavin et al., 1992; Moldwin and Hughes,
1993; Nagai et al., 1994] and that most plasmoids, in turn, are
observed following substorm onset signatures near the Earth
[Baker et al., 1987; Moldwin and Hughes, 1992a; Slavin et al.,
1993; Zong et al., 1996]. A rich literature of numerical simula-
tions now also exists describing plasmoid formation, topology,
and ejection [e.g., Birm et al., 1989; Ogino et al., 1990; Hesse and
Birn, 1991: Raeder, 1994; Walker and Ogino, 1996].

Traveling compression regions are several minute long en-
hancements of the magnetic field intensity in the lobes of the
tail which are accompanied by a north-then-south variation in
the B, component [Slavin et al., 1984]. The original interpre-
tation that these field signatures are caused by the draping of
lobe flux tubes about plasmoids moving rapidly tailward has
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been supported by subsequent observational [Murphy et al.,
1987; Owen and Slavin, 1992; Slavin et al., 1993; Kawano et al.,
1994] and theoretical [Raeder, 1994] studies. This local com-
pression of the lobe magnetic field then accompanies the plas-
moid as it moves down the tail and can be observed by space-
craft residing in the lobes. In this manner the detection of a
TCR can serve as a proxy for direct plasmoid encounters for
studies requiring only the knowledge of plasmoid time of re-
lease and general dimensions [e.g., Slavin et al., 1992].

In this study we seek to make two point observations of the
same plasmoid as it moves down the tail. Lacking a spacecraft
with appropriate instrumentation stationed in the cis-lunar
plasma sheet, where plasmoids first form and are ejected, we
will make use of IMP 8 lobe magnetic field measurements and
use TCR as proxies for the plasmoids themselves at this dis-
tance. Geotail observations are then used to directly observe
the plasmoid in the distant tail. The overarching purpose of
this study is to extend our knowledge of how plasmoids form
and are ejected down the tail and to further test and refine the
near-Earth neutral line (NENL) model that forms the theo-
retical basis for much of our understanding of deep-tail sub-
storm phenomenon. Specific questions to be asked include the
following: (1) When a TCR is seen al IMP 8 is a plasmoid
always observed later at a greater downstream distance by
Geotail? (2) How do the inferred lengths of the plasmoids
compare with the downstream distance of IMP 87 (3) Do the
time delays between the observation of TCRs at IMP 8 and
plasmoids at Geotail indicate a time-of-flight speed which are
consistent with the in situ speeds measured in the plasmoid at
Geotail or is some additional acceleration/deceleration re-
quired? (4) Do the tail lobes at IMP 8 distances exhibit mag-
netic flux loading and the plasma sheet thinning prior to plas-
moid Telease? and (5) Does plasmoid release take place near
substorm expansion onset or significantly later as suggested by
the Kiruna conjecture [Kennel, 1992]7 Overall these multi-
spacecraft ISTP observations will be shown to confirm many of
the predictions of the near-Earth neutral line model of sub-
storms and to yield new information regarding the manner in
which plasmoids form and evolve as they encounter preexisting
active X lines in the more distant tail,

2. Approach

For the purposes of this study we have surveyed 13 months
of IMP 8 magnetic field measurements, i.e., September 1993 to
October 1994, to identify all TCR events during this interval.
As noted earlier, studies of the ISEE 3 and Geotail measure-
ments [e.g., Nagai et al., 1994] have shown that a spacecraft
stationed at or beyond about the orbit of the moon frequently
observes one or more plasmoids and/or TCRs following a
substorm onset. Earthward of lunar orbit the frequency with
which TCRs and, by inference, plasmoids are observed de-
creases until at IMP 8 only ~10-15% of all substorms produce
such signatures [Slavin et al., 1990; Taguchi et al., 1997].

Traveling compression regions in this study were identified
in the IMP 8 measurements in the same manner as in previous
studies [e.g., Taguchi et al., 1997). Briefly, short-duration com-
pressions of the lobe field lasting from tens of seconds to
minutes are noted and the associated variations in the vector
field components are examined. A TCR is generally defined by
a north-then-south tilting of the B, component of the field with
the inflection point near the time of peak lobe field compres-
sion. However, the TCR perturbations in B, observed at IMP
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8 do not usually exhibit the more sinusoidal shapes often ob-
served farther down the tail by ISEE 3 and Geotail, First, the
initial northward tilting of the field can appear truncated or
nearly absent relative to the very pronounced southward tilt-
ing. Slavin et al. [1990} and Taguchi et al. [1997] suggested that
this was due to IMP 8 usually being located earthward of the
region where plasmoid formation is taking place and therefore
not able to observe the complete draping signature. Second,
Taguchi et al. [1997] have shown that the lobe field flaring at
IMP 8 distances is sufficient to produce an “offset” in the
background lobe field so that B, never becomes positive during
the TCR. In this case the north-then-south tilting is a pertur-
bation relative to the background flared lobe field. The search
of IMP 8 magnetic field records as part of this study yielded a
total of 10 TCR events. Nine of the events contained a single
TCR, while one exhibited two TCRs separated by ~5 min,

Many excellent examples of plasmoids in the Geotail mag-
netotail measurements can be found in literature [e.g., Frank et
al., 1994; Mukai et al., 1996]. In this study, the measurements
returned by the magnetic field investigation (MGF) [Kokubun
et al., 1994], the plasma analyzer (LEP) [Mukai et al., 1994],
and the energetic particle analyzer (EPIC) [Williams et al.,
1994] were examined for intervals surrounding each of the
TCR events identified in the IMP 8 magnetic field observa-
tions. The primary defining criteria for the plasmoids, as dis-
cussed earlier, are the observation of fast, tailward flowing
plasma sheet coincident with a north-then-southward rotation
of the magnetic field [e.g., see A. leda et al., submitted manu-
script. 1997). A further caveat is that if the spacecratft is located
at just the proper distance from the midplane of the tail, then
it can observe a so-called boundary layer plasmoid as opposed
to a plasmoid proper or a TCR [Moldwin and Hughes, 1992c].
In this case the north-south magnetic field deflection charac-
teristic of plasmoids and TCRs is still observed, but the space-
craft stays immersed in the PSBL.

The large radial distance of Geotail when it was in the
distant tail results in even small variations in the solar wind
flow angles causing large changes in the location of the tail in
the Y-Z plane [see Zwickl et al., 1984; Slavin et al., 1985].
Hence probability of having both IMP 8 and Geotail inside the
magnertotail for an hour or more so that two point measure-
ments of plasmoid motion could be made is not large. For this
reason it was not surprising that our examination of the
Geotail magnetic field and plasma measurements showed that
this spacecraft was located inside the tail for only 3 of the 10
TCR identified by IMP 8, The dates of these events are April
16, 1994, April 17, 1994, and September 26, 1994. However,
each interval was found to contain a plasmoid signature, con-
firming that the TCRs at IMP 8 were, indeed, associated with
the tailward ejection of plasmoids. In the sections to follow, the
IMP 8 and Geotail measurements taken during each of these
three intervals will be presented along with supporting ground-
based and geosynchronous substorm observations.

2.1. April 16, 1994, Event

The first IMP 8/Geotail event occurred on April 16, 1994,
Figure 1 displays 90 min of simultaneous, 3-s-averaged mag-
netic field observations from IMP 8 at X = —29 R, and
Geotail at X = —197 Rp. The low variance, largely X-
directed magnetic fields in the lower panels indicate that IMP
8§ was located in the south lobe of the tail throughout this
interval. At 2005 UT a TCR is clearly visible in the IMP 8
measurements as a brief field compression accompanied by a
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sharp southward tilting in B, and a slower recovery. The lack
of a significant B, variation suggests that the spacecraft passed
directly over the plasmoid as opposed to being off to the east
or west [e.g., Slavin et al., 1989] or that the plasmoid extended
across much of the tail [e.g., Walker and Ogino, 1996]. During
the 50 min preceding the TCR the lobe field intensity at IMP
8 steadily increased by ~25% in a very typical substorm growth
phase [Caan et al., 1975]. The TCR coincides with the broad
maximum in lobe field strength which is seen to decrease
afterward.

The Geotail magnetic field measurements in the top panels
of Figure 1 show the spacecraft first residing in the plasma
sheet, where the field is weak and variable, and then the PSBL
or north lobe where the field is much stronger. The most
salient feature in the Geotail measurements is the plasmoid
centered on ~2032 UT which is indicated by the large ampli-
tude north-then-south B. variation accompanied, in contrast
with the TCR in the lower panels, by a weakening of the field
strength. Note also the very typical slow recovery of the south-
ward B, field following the plasmoid due to the reconnection
of lobe flux tubes following plasmoid ejection. The time-of-
flight speed for this plasmoid from where the TCR was ob-
served at IMP 8 to Geotail is 168 Rg/27 min ~ 664 km/s.

GEOTAIL
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Figure 1. Simultaneous 3-s-averaged magnetic field mea-

surements taken by Geotail and IMP 8 from 1915 to 2045 UT
on April 16, 1994, are displayed in GSM coordinates. For this
event the plasmoid at Geotail follows by 27 min the observa-
tion of the TCR at IMP 8. Note also that the temporal duration
of the plasmoid is somewhat greater than the TCR perturba-
tion observed earlier.

;{np 107 E{le\/z—w T
1087 .

SO0
Vx -
(lem/s) ~8001~
~1500
0.2 100.00
P + o 10.00
(I‘l‘i’a) 0.1 1.00 £
0.10
0.0L: 0.0t
()
(nT)
(im)
(nT)
u.T, 20:15 20:20  20:25  20:30 20:35 20:40 20:45
GSMX —196.85 —106.85 -(08.B6 -196.868 -196.86 -196.88 -196.86
GSMY 24,32 24290 24.26 24.23 24.20 24.17 24.14
GSMZ 8.08 9.14 9.20 9.25 9.30 9.35 9.39

Figure 2. Merged plasma and magnetic field measurements
(24-s averages) taken by Geotail are displayed for the April 16,
1994, plasmoid event. The low plasma density indicates that
the spacecraft was inside of the tail during all of the interval.
Note that plasma B varies over 5 orders of magmitude with § <
1 generally corresponding to the lobes and the highest values
to the plasmoid and postplasmoid plasma sheet.

Given this speed and the ~3.5-min duration of the plasmoid,
the estimated length of the plasmoid is ~22 R.

The Geotail plasma and magnetic field measurements for
the April 16, 1994, plasmoid are displayed in Figure 2. The low
ion densities and high temperatures in the top two panels
confirm that the spacecraft was indeed inside of the magneto-
tail during this entire interval. About 2 min before the plas-
moid encounter the ion temperature and plasma ion f increase
indicating that Geotail was passing first into the outer layers of
the plasma sheet or the plasma sheet boundary layer (PSBL)
and, later, into the céntral plasma sheet [e.g., see Zwickl et al.,
1984; Slavin et al., 1985]. In fact, the partial reversal in B, the
brief, but strong dip in field strength, and the sharp, short
increase in- B to niearly 100 is due to a brief pass into the high
current density center of the cross-tail current layer or so-
called “neutral sheet.”

The plasmoid, marked with vertical dashed lines, is identi-
fied by the north-then-south B_ variation, the continued south-
ward B afterwards, and the appearance of high-speed tailward
flow. As is often the case, the three-dimensional magnetic field
variations are quite complex. In this case the spacecraft crossed
from the “northern” half of the plasmoid to the “southern”
half as indicated by the reversal in B, polarity. Note that this
current layer is different from the cross-tail current layer ob-
served earlier in that plasma ion B, displayed in the fourth
panel. does not change significantly as the layer is crossed. This
strongly suggests that this internal *“cross-plasmoid” current
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Table 1. Plasmoid Speeds

le“ LPMD! (Vx>' LPMD!
Event km/s Ry kmy/s Rp
April 16, 1994 664 22 827 27
April 17, 1994 405 17 632 27
Sept. 26, 1994 709 40 ver ses

layer is a vestige of the cross-tail current layer which has been
significantly modified by the magnetic tension forces which will
gradually cause the plasmoid to evolve toward a more cylin-
drical, less stretched magnetic configuration (i.e., plasma ion 8
is much lower than in the earlier neutral sheet encounter),
Given the well defined current layer, it should also be apparent
that the magnetic field structure within this plasmoid cannot be
well modeled as a quasi-force free flux rope. For example,
instead of single maxima in the B, and B, components typical
of such structures [Lepping et al., 1995: Slavin et al., 1995;
Khurana et al., 1996] we see instead multiple peaks in B, and
a bipolar B, . Finally, it should also be noted that this event also
provides a good example of a relatively unevolved plasmoid
which has neither a core of enhanced magnetic field [Slavin et
al., 1995] or total magnetic and plasma pressure (A. Teda et al,,
submitted manuscript, 1997) which can be used to identify
many plasmoids.

The bulk flow speed in the plasmoid and the post-plasmoid
plasma sheet is tailward at 700-1000 km/s with a mean value of
V., = —827 km/s. As shown in Table 1, this is significantly
greater than the time-of-flight speed of —664 km/s determined
earlier and increases the length of the plasmoid to 27 R.. The
¥, and V, components of the flow speed (not shown) were
small, i.e., generally <100 kmy/s, and irregular within the plas-
moid. It should also be noted that the flow speed is not highly
correlated with the magnetic field direction consistent with the
high plasma ion B values of ~1-30 observed in the plasmoid
and the postplasmoid plasma sheet. In other words, the mag-
netic field is being carried tailward by this high-speed flow and
the distinction between “streaming” and “convection” which
can be important in low f§ regimes is for most purposes moot
in this instance.

The energetic particle observations made by the EPIC in-
strument on Geotail between 2015 and 2045 UT on April 16,
1994, are shown in Plate 1 along with the anisotropies of a
number of the particle populations. In the top panel the fluxes
of ~67 keV ions in the plane of the ecliptic are displayed. The
intensity level is color coded as is indicated on the scale to the
right of the panel. The vertical axis represents the direction of
flow of the ions, such that fluxes of particles traveling sunward
(S) appear along a horizontal line through the center of the
panel. Conversely, particles traveling tailward (T) appear at
the very top or very bottom of the panel. The intensity of
particles moving duskward (Du) appear at one fourth of the
distance up the plot, while dawnward (Da) appears at three
fourths distance. The next three panels have the same format,
but represent the fluxes of 203 keV oxygen ions, >38 keV
electrons, and 9 keV < E < 210 keV protons respectively.
The fifth panel represents the fluxes of the latier group of
protons as a function of direction out of the ecliptic plane, In
this panel, fluxes of particles moving northward appear at the
top of the panel, and those moving southward are at the bot-
tom. The center of the panel thus represents the ecliptic plane
portion of the distribution of these particles. Note that the

color coded scales for the particle flux is shown on the right for
each of the five panels. Also note that the direction of the
magnetic field, projected onto the relevant plane is indicated
by the dark trace in each panel. In addition, the magnetic field
components in GSM coordinates are again presented in the
bottom three panels of this figure, while the total field strength
is represented by the red line in the first of these panels.

At the start of this interval, the spacecraft is clearly located
in the north lobe of the tail, and observes only very low fluxes
of energetic particles. Between about 2017 and 2020 UT, a
relatively weak beam of ions showing an earthward directed
anisotropy can be seen for the energy ranges shown in the first
and fourth panels. The 203 keV oxygen ions in the second
panel remain at background levels, while the =38 ke'V elec-
trons exhibit an enhancement of fluxes with a less well defined
anisotropy. This period of relatively weak earthward directed
fluxes of energetic particles is approximately coincident with
the weak earthward flows detected by the low-energy plasma
analyzer shown above. Shortly after 2020 UT, there is a sudden
increase in the intensity of >38 keV electrons (third panel),
now showing a strong tailward streaming distribution. This is
followed about a minute later by a similar increase in 67 keV
protons (top panel, the 9keV < E < 210 keV protons shown
in the fourth and fifth panels respond more quickly, but this
may be aliased by the longer time resolution for this channel).
These data are consistent with the spacecraft crossing a sepa-
ratrix layer and entering the PSBL, In fact, for the minute or so
prior to the sharp increase in the flux of tailward moving 67
keV protons, there is a clear enhancement in the flux of
duskward maving particles relative to those moving dawnward
in this channel. This gradient anisotropy is consistent with a
region of increased fluxes of these ions moving up over the
spacecraft from below, ie., the correct sense for the PSBL
expanding up over a spacecraft located in the northern lobe of
the tail [Murphy et al., 1987; Owen and Slavin, 1992]. Also
consistent with the picture of Geotail moving into the PSBL or
outer plasma sheet shortly after 2020 UT is the slight dip in the
magnetic field strength, and its increased variability. The short
duration of the electron burst at the edge of this layer may
again be consistent with the spacecraft crossing magnetic flux
tubes mapping back to the immediate vicinity of an active
neutral line. At ~2030 UT the bipolar B, plasmoid signature
begins coincident with a further increase in the flux of 203 keV
oxygen ions in the second panel, showing strong tailward
streaming. The 9 keV < E < 210 keV protons shown in the
fourth and fifth panels also show a further enhancement. with
flow strongly tailward and confined to closely parallel to the
ecliptic plan. These energetic ion flows persist until the end of
the interval shown, and together with the field and plasma data
suggest that the spacecraft remained in a postplasmoid plasma
sheet until at least 2050 UT.

In summary, the energetic particle data for the period 2015—
2045 UT on April 16, 1994, are consistent with the spacecraft
crossing a magnetic separatrix, possibly mapping back to an
active reconnection site, shortly after 2020 UT. After residing
in the plasma sheet boundary layer for about 10 min, the
spacecraft encounters a plasmoid structure, and thereafter re-
mains in the plasma sheet for at least 15 min. The strong
tailward nature of the flows after 2020 UT suggest that the
particle dynamics are dominated by a reconnection neutral line
some way earthward of the spacecraft location. However, for
3-4 min prior to this time, there was a relatively weak earth-
ward beam, suggesting that the spacecraft was on closed field
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Plate 1. Geotail EPIC and MGF observations of energetic particles and magnetic fields for the same interval

as Figure 2. A detailed description of the energetic particle fluxes is contained in the text,

lines that mapped to the plasma sheet and neutral line tailward
of the spacecraft.

The substorm activity that accompanied the April 16, 1994,
event is displayed in Figure 3. To establish the relative timing
of the various events, the top panel displays the B, component
of the magnetic field measured at Geotail with the plasmoid
labeled. Similarly, the second panel displays the total magnetic
field intensity measured at IMP 8 with the TCR labeled. Pi 2

pulsations were observed at 2003 and 2013 UT at Memam-
betsu (T. Iyemori, personal communication, 1996). As is cus-
tomary, the first Pi 2 is taken to indicate the onset of substorm
expansion phase which is indicated by a vertical dashed line.
Further confirmation of this onset time is found in the Los
Alamos National Laboratory energetic electron measurements
taken by spacecraft 1984-129 (local time 2034 UT) displayed in
the bottom panel. These energetic electrons, E ~ 50 to 300
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Geotail
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Figure 3. Magnetic field measurements showing the time of
the TCR at IMP 8 and the plasmoid at Geotail for the April 16,
1994, event are displayed along with spacecraft 1984-129 en-
ergetic electron fluxes in five channels. A vertical dashed line
marks the time of the first Pi 2 pulsation observed at Memam-
betsu.

keV, show a nearly dispersionless injection signature within 1
min of the first Pi 2. Against this time line, the TCR at IMP 8
signaling the ejection of the plasmoid down the tail was ob-
served only ~1 min after the substorm onset as determined by
these two independent means. The decrease in lobe field
strength due to open flux reconnection following substorm
onset is very clear as remarked upon earlier.

2.2, April 17, 1994, Event

The bottom panels of Figure 4 display the IMP 8 magnetic
field observations for the April 17, 1994, event. IMP 8 was
located at X = =30 R, Y =12 Rg, andZ = —4.3 R and
began the interval with the spacecraft emerging from the
plasma sheet and entering the south lobe of the tail. Such
transitions are usually attributed to plasma sheet thinning as
the lobes are loaded with new magnetic flux tubes due to
reconnection at the dayside magnetopause [e.g., Fairfield et al.,
1981]. The TCR occurs at 0015 UT and is marked with a
vertical dashed line. Despite an unfortunate data gap right at
the peak of the compression, the usual TCR features are
readily apparent. Being observed right at the interface between
the plasma sheet and the lobes, such events sample either the
outermost layers of the plasmoid proper or the innermost of
the lobe flux tubes draped about the plasmoid. Because of the

strong local field intensity, we choose to label this event as a
TCR. Following the TCR, the lobe magnetic field exhibits a
very broad maximum before beginning to decline after about
0100 UT.

The Geotail magnetic field measurements taken at X =
—197 R are displayed in the top panels of Figure 6. As
discussed by Kokubun et al. [1996], the first ~10 min of this
interval found the spacecraft in the magnetosheath. Later, the
higher variance, weaker field regions correspond to the plasma
sheet and PSBL while the stronger, more steady fields are
associated with Geotail being in the tail lobes. The large am-
plitude north-then-south B, perturbation signaling the passage
of the plasmoid is centered on ~0059 UT and indicated by a
pair of vertical dashed lines. As discussed earlier, the field
continues to be largely southward for the next ~20 min indi-
cating that reconnection between open flux tubes continued to
occur earthward of the spacecraft. The time-of-flight speed for
the plasmoid between IMP 8 and Geotail is 167 Rz/44 min
~405 km/s. This speed is only two thirds of that inferred for the
previous event, but the longer. 4.5-min duration of this plas-
moid produces a very similar length of 17 Rp.

The Geotail magnetic field and plasma measurements for
the April 17, 1994, plasmoid are displayed in Figure 5. The very
low plasma densities in the top panel show that the spacecraft
was in the tail for the entire interval. The north lobe observed

20
U.T. 00:00

s P

00:30 00:45

00:15 01:00  01:15 0130
Figure 4. Simultaneous 3-s-averaged magnetic field mea-
surements (3-s averages) taken by Geotail and IMF 8 for the
interval 0000-0130 UT on April 16, 1994, are displayed in
GSM coordinates. For this event the plasmoid at Geotail fol-

lows by 44 min the observation of the TCR at IMP 8.
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at the beginning of the interval is marked by strong, steady
magnetic fields oriented largely along X as well as low-density
and temperature mantle plasma. The plasmoid and postplas-
moid plasma sheet are evident in the very high ion tempera-
tures and plasma ion B values of ~1 to 300. The PSBL region
between the lobe and the initial plasma sheet entry at 0049 UT
is indicated by the ion temperatures and plasma ion B values
near, but clearly lower than in the plasma sheet and plasmoid
proper.

A remarkable aspect of this April 17 event is the bulk Aow
speed. Just prior to entering the plasma sheet, a ~2-min-long
interval of high speed, up to 800 km/s, earthward flow is ob-
served in the PSBL streaming along the field lines up and over
the plasmoid. This interpretation is supported by a correlated
northward V. flow (not shown) with an amplitude of ~50% of
V.. When Geotail entered the plasmoid ~6 min later, high
speed, (V) = —632 km/s, tailward flow is observed. Within
the plasmoid and postplasmoid plasma sheet V, and V, were
generally weak, <100 km/s. The interval of earthward flow is
probably not due to a time variation but rather to the spatial
effect of the PSBL being forced upward, past Geotail due to
the relatively large Z dimension of the plasmoid. The existence
of this fast earthward flow in the PSBL constitutes strong
evidence for ongoing reconnection at a more distant neutral
line tailward of Geotail which is populating the PSBL with
carthward streaming plasma. Similar earthward flows prior to
other Geotail plasmoid encounters have recently been re-
ported by Mukai et al. [1996], Hoshino et al. [1996], and
Kawano et al. [1996].

It is also interesting to note that the observed plasmoid and
postplasmoid plasma sheet tailward flow speeds were again
greater than the speed estimated from the IMP 8 to Geotail
flight time for this plasmoid, this time by ~50% as shown in
Table 1. This suggests that for both the April 16 and 17 events,
that the plasmoid did not traverse the entire distance from
IMP 8 to Geotail at the higher in situ speeds measured at
Geotail. Rather, some portion of the flight path must have
been traversed at a slower speed either around the time of
release or in the more distant tail prior to its encounter with
Geotail. In any event, the estimated length of this plasmoid
must be revised upward significantly from that based upon the
time-of-flight speed to 632 km/s X 4.5 min ~ 27 R.

Itis also of interest to examine the magnetic structure of this
plasmoid. In contrast with the previous event, this plasmoid
does exhibit some aspects of a flux rope-like topology. In Fig-
ure 5 there are magnetic field intensity and total thermal and
magnetic pressure enhancements within the plasmoid. These
teatures are expected for flux ropes that are becoming force-
free and have been used by Slavin ef al. [1995] and A. leda et
al. (submitted manuscript, 1997) to identify plasmoids with
such properties. There are also single maxima in B, and B, and
a broad peak in total field intensity and pressure (e.g., see the
force-free flux rope model graphs by Slavin et al. [1995]). How-
ever, they occur before the trapsition from positive to south-
ward B_ and may indicate that the helical fields in this plas-
moid are still in process of relaxing toward a force-free
configuration [see Hesse et al., 1996a]. In addition, the plasma
ion f reaches a minimum just below 1 around the time of peak
field strength indicating that magnetic forces were becoming
dominate in this core region as required if it is tending toward
a force-free magnetic configuration. Similar variations in
plasma ion 3 across plasmoids with strong core magnetic fields
have been reported by Frank et al. [1994], Machida et al. [1994],
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Figure 5. Merged plasma and magnetic field measurements

taken by Geotail are displayed for the April 17,1994, plasmoid
evenl. The low plasma density indicates that the spacecraft was
inside of the tail during all of the interval. The plasma sheet
and plasmoid are generally indicated by ion > 1.

Mukai et al. [1996], and A, leda et al. (submitted manuscript,
1997).

Another interesting feature of this plasmoid is the unusually
large flux of northward B_ ahead of the plasmoid which may be
associated with the plasmoid “snow plowing” into the newly
closed positive B, magnetic flux tubes being produced at the
more distant neutral line. Such an interpretation would be
consistent with the fast earthward flows populating the PSBL
to the north and south of the plasmoid. Following the plas-
moid, Geotail remained in the hot central plasma sheet,
plasma ion 8 ~ 10-300, observing fast tailward flow until 0105
UT when it transitioned back into the PSBL..

The energetic particle observations made by the EPIC in-
strument between 0040 and 0110 UT on April 17, 1994, are
shown in Plate 2, in the same format as Plate 1, described
above. From the beginning of the interval shown until 0046
UT, the spacecraft is located in the northern lobe of the mag-
netotail and observes only very low energetic particle intensi-
ties and strong and steady magnetic fields directed predomi-
nantly toward the Earth. At 0046 UT, an enhancement of the
energetic electron fluxes is detected, although there is not clear
directional anisotropy. Shortly thereafter, an increase in earth-
ward directed particles appears in both ion channels (first and
fourth panels) and lasts until ~0050 UT. Note that these earth-
ward jetting particles are observed contemporaneously with
the strong earthward flow of lower-energy plasma described
above. In the top panel of Plate 2, there is also some indication
of a duskward directed gradient anisotropy, again consistent
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as Figure 5. A detailed description of the energetic particle fluxes is contained in the text.
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with a region of higher concentration energetic particles (i.e.,
the PSBL) moving northward over a spacecraft located in the
northern lobe, Between 0050 and 0053 UT, the sense of the
anisotropy in the energetic ion fluxes shown in the first and
fourth panel reverses to show tailward streaming distribution.
At the same time, the EPIC instrument begins to detect tail-
ward streaming oxygen ions. These features correspond to the
interval in which the low-energy plasma instrument detects
modest (~200 km/s) tailward plasma flows. At 0053 UT, there
is a strong enhancement of fluxes in both the proton channels
shown, and in the 203 keV oxygen ions, together with a decline
in intensity and a move toward a more tailward directed an-
isotropy in the =38 keV electrons. This time corresponds to
the onset of enhanced tailward flows (—6-700 km/s) in the
lower-energy plasma and is followed about a minute later by
the arrival of the plasmoid structure. During the passage of the
plasmoid and in the postplasmoid plasma sheet (0102-0103
UT) all the particle populations show strong tailward stream-
ing distributions (panels 1-4), which, at least on the basis of
the data shown in the fifth panel, are concentrated closely
parallel to the ecliptic plane. At 0105 UT the magnetic field
strength recovers almost to its level at the start of the interval
shown, and the low-energy plasma flow speeds drops to close
to zero, However, the magnetic field data retains some vari-
ability, suggesting that the spacecraft has remained in the
PSBL, rather than returned to the lobe proper. This suggestion
is confirmed by the continued presence of tailward streaming
energetic ion populations and also intense fluxes of tailward
streaming =38 ke'V electrons. Hence the spacecraft may again
be located on flux tubes that map back to the neutral sheet in
the vicinity of an active neutral line. This neutral line must be
located earthward of the spacecraft location.

In summary, the energetic particle data for the period 0040-
0110 UT on April 17, 1994, are consistent with the spacecraft
crossing a magnetic separatrix, possibly mapping back to an
active reconnection site, at 0046 UT. For ~—3-4 min, the space-
craft observes earthward directed anisotropies in the proton
channels and omnidirectional, but elevated, intensities of >38
keV electrons. These data suggest that at this time the particle
dynamics in this region are controlled by an active reconnec-
tion site tailward of the spacecraft location. After 0050 UT,
there is a strong enhancement of 203 keV oxygen fluxes, and all
the particle populations shown in Plate 2 show a strong tail-
ward anisotropy, consistent with the classical picture of a plas-
moid passage past the spacecraft.

The substorm conditions associated with this plasmoid event
are displayed in Figure 6. The top and middle panels show the
Geotail B. and IMP 8 total field values with the plasmoid and
TCR events marked. A series of Pi 2 pulsations were observed
on the ground at Wingst and Memambetsu between 0009 and
0118 UT (T. Iyemori, personal communication, 1996). A ver-
tical dashed line is shown to indicate the time of the first Pi 2
which we take to indicate substorm expansion phase onset.
This was followed ~3 min later by an energetic electron injec-
tion at 1990-095, which was located at ~2300 LT. The TCR at
IMP 8 indicates that plasmoid release took place ~6 and 3 min
later than the first Pi 2 and the injection at 1990-093, respectively.
Hence, as with the April 16 event, plasmoid ejection appears to
occur within a few minutes of substorm expansion phase.

2.3. September 26, 1994, Event

The bottom panels of Figure 7 display the IMP 8 magnetic
field measurements for the interval 0500—-0630 UT on Septem-

15 T | T T b T g, G T T

PLASMOIDY

Bz (nT}

B (nT)

5 g

=

EZ

N
T st .

|
1072 }-(='d|'68=1 | | e A, 2ot "
00:00 Mr15 00:30 00:45 01:00 olL:15 01:30
Time

Figure 6. Magnetic field measurements showing the time of
the TCR at IMP 8 and the plasmoid at Geotail for the April 17,
1994, event are displayed along with spacecraft 1990-095 (2254
LT) energetic electron fluxes in five channels. A vertical
dashed line marks the time of the first Pi 2 pulsation observed
at Memambetsu.

ber 26, 1994. The steady magnetic fields oriented largely in the
X direction indicate that IMP 8 was in the north lobe for the
entire interval. The TCR is observed at 0533 UT after the lobe
magnetic field had increased by 15% over the preceding half
hour. The effects of tail flaring considered in detail by Taguchi
et al. [1997] are very pronounced for this event with B, being
negative prior to the TCR and then going positive afterward as
open lobe flux tubes are closed by reconnection and the fail
relaxes into a lower energy, less flared state. In order for
reconnection between the open field lines in the tail to occur
and “unload” the lobes, closed field line reconnection must
first eject a plasmoid so the open flux tubes in the lobes come
together at the near-Earth X line and rapidly merge [Hesse et
al., 1996b].

The Geotail magnetic field observations in the top panels
show that this spacecraft was also mostly in the north lobe at
X = —170 R prior to the large north-then-south B, variation
centered on 0553 UT. As with the previous cases the B, com-
ponent for the magnetic field was southward for ~20 min
following the plasmoid as would be expected if reconnection
continued to take place at a neutral line earthward of Geotail.
However, the relatively strong magnetic fields observed
throughout the event suggest that Geotail never penetrated
deeply into the plasmoid or plasma sheet during this event.
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Figure 7. Simultaneous averaged magnetic field measure-
ments (3-s averages) taken by Geotail and IMP 8 for the
interval 0500-0630 UT on September 26, 1994, are displayed
in GSM coordinates. For this event the plasmoid at Geotail
follows by 18 min the observation of the TCR at IMP 8.

The time-of-flight speed from IMP 8 to Geotail is 133 R./20
min ~ 709 km/s. On the basis of the 6-min duration of the
plasmoid, its estimated length is ~40 R ..

Figure 8 displays the Geotail plasma and magnetic field
measurements for the September 26 plasmoid event. The low
ion density across the entire interval indicates that the space-
craft was always in the magnetotail. In fact, there is very little
density variation anywhere except for a small enhancement
within the “plasmoid.” Just as with the previous event. the
interval begins with Geotail in the north lobe of the tail as
inferred from the low mantle ion temperatures and extremely
lobe plasma ion B values. About 4 min prior to the plasmoid
the PSBL is entered as the oncoming plasmoid pushes the
PSBL over the spacecraft. The PSBL is identified by the greatly
enhanced ion temperatures, the weakened magnetic field in-
tensity and the intermediate plasma ion 8 values of 0.1-1. As
with the preceding April 17, 1994, event. fast earthward flow is
observed in the PSBL suggesting, again, the presence of an
active reconnection site tailward of Geotail.

This event is different, however, in that Geotail appears to
just graze the plasmoid as reflected by the fact that plasma ion
B only slightly exceeds unity at any point within the plasmoid.
Such events have been termed by Moldwin and Hughes [1992c|
as “boundary layer plasmoids.” This interpretation is sup-
ported by the plasma flow velocity which does not become
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tailward until the middle of this plasmoid event. In the higher-
resolution LEP energy-time spectrograms (not shown), the hot
earthward plasma flows gradual decrease in intensity during
this interval as tailward ion beams become dominant produc-
ing the low net bulk flow speeds. It is not until the plasmoid has
passed Geotail that the flow reaches a relatively steady tailward
value of 600 km/s. Tnthis case, the magnetic ficlds are strong in
the sense of 8 = 1 and the observed flow may be regarded as
“streaming™ along the magnetic field. Such flows cannot be
properly used to estimate plasmoid dimensions or to make
comparisons with the time-of-flight speed from IMP 8 to
Geotail. This interpretation is supported by the northward V.,
fHow (not shown) during the first portion of the encounter
where ¥, was earthward. Accordingly, no entry has been made
in Table 1 for the in situ plasma speed for this event. Finally,
aswith the April 17 event, where there was also evidence for a
near-by distant neutral line in the form of high-speed earth-
ward flow, there is an over abundance of positive B. relative to
the negative B, in this plasmoid.

The energetic particle observations made by the EPIC in-
strument between 0535 and 0605 UT on April 26, 1994, are
shown in Plate 3, in the same format as Plate 1, described
above. These observations show many of the same features
seen in the previous two cases. At the start of the interval, the
spacecraft is located in the north lobe and observes very low
energetic particle fluxes. At 0546 UT, there is a short (<1 min)
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Figure 8. Merged plasma and magnetic field measurements

taken by Geotail are displayed for the September 26, 1994,
plasmoid event. The low plasma density indicates that the
spacecraft was inside of the tail during all of the interval.
However, the low plasma ion 8 ~ 1 in the plasmoid and lower
elsewhere indicates that only the other layers of the plasmoid
and the PSBL were encountered, not the core region of the
plasmoid or the plasma sheet proper.
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Plate 3. Geotail EPIC and MGF observations of energetic particles and magnetic fields for the same interval
as Figure 8. A detailed description of the energetic particle fluxes is contained in the text.

burst of tailward propagating energetic electrons followed im-
medialely by a less intense bidirectional (earthward/tailward)
beam of these particles (third panel). At the same time the
magnetic field strength shows the slight depression character-
istic of an entry into the PSBL, and the clear duskward anisot-
ropy shown by the ~67 ke'V ions in the top panel between 0546
and 0548 UT is consistent with this region moving up over the
spacecraft location from below. At 0547 UT, there is another
short burst of >38 keV electrons, which shows no clear direc-

tional anisotropy. Also, between ~0547 and ~03550 UT, 9 keV
< E < 210 keV protons in the fourth panel show a clear
earthward anisotropy, although the ~67 keV protons in the
upper panel show strong tailward streaming in the later part of
this interval. Since the former population is probably domi-
nated by particles in the lower part of the energy range, it
seems that the lower-energy particles are moving earthward at
this time, while the higher-energy particles are predominately
moving tailwards, Consistent with this interpretation, the low-
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Figure 9. Magnetic field measurements showing the time of
the TCR at IMP 8 and the plasmoid at Geotail for the Sep-
tember 26, 1994, event are displayed in the top panels. Ener-
getic electrons fluxes in five channels from spacecraft 1990-095
(0416 LT) and the CANOPUS CU and CL indices are in the
bottom panels. A vertical dashed line marks the time of the
first Pi 2 pulsation observed at Memambetsu.

energy plasma instrument data shown above indicate earth-
ward plasma flows of around 400 km/s during this period.
However, during the plasmoid passage itself (~—0550 to ~0557
UT) and the postplasmoid plasma sheet (—~0557 to ~0603
UT), both proton channels show predominantly tailward
streaming distributions, consistent with the classical plasmoid
picture.

In summary, the energetic particles are consistent with the
spacecraft crossing a magnetic separatrix at ~0546 UT. as
evidenced by the appearance of an enhanced beam of elec-
trons, The tailward direction of this beam suggests that this
separafrix maps back to an active reconnection site earthward
of the spacecraft location. However, the data suggest that be-
tween this burst and the arrival of the plasmoid, the lower-
energy particle dynamics, which show earthward flows, are
dominated by the effects of a neutral line tailward of the
spacecraft location while higher energy particles show tailward
anisotropies. This implies that the spacecraft may be located
on closed loop flux tubes that have been reconnected at both
the near-Earth and distant tail neutral lines but that reconnec-
tion at the near-Earth occurred later, or at a greater distance
from the spacecraft than in the distant tail, such that only the
faster tailward streaming particles have had time to reach the

SLAVIN ET AL.: ISTP OBSERVATIONS OF PLASMOID ETECTION

spacecraft location. Hence, although substorm onset will be
shown to have occurred at ~0532 UT, the dynamic effects of a
distant neutral line (ie., the earthward flow observed prior to
the plasmoid arrival at Geotail) can again be observed in the
deep tail for some time after substorm onset, and disconnec-
tion of the plasmoid.

The substorm conditions associated with this plasmoid event
are displayed in Figure 9. The top and middle panels show the
Geotail B, and IMP 8 total field values with the plasmoid and
TCR events marked. Pi 2 pulsations were observed on the
ground at Memambetsu at 0532 and 0546 UT (T. Iyemori,
personal communication, 1996). A vertical dashed line is
shown to indicate the time of the first Pi 2 and hence substorm
expansion phase onset. This result is confirmed by the negative
bay in the CANOPUS CL index which serves as a proxy forAL
in this local time sector. About 2 min later a dispersive ener-
getic electron injection is observed at §/C 1990-095 which lo-
cated at approximately 0416 LT. The TCR at IMP 8 indicates
that plasmoid release took place within a minute of the first Pi
2 and before the dispersive injection drifted to spacecraft 1990-
095. Hence, as with the two previous events, plasmoid ejection
appears to occur very near substorm expansion phase onset.

3. Discussion

The well-known obstacles to obtaining multipoint observa-
tions of dynamic events within the magnetosphere have been
well borne out by this study. During the interval examined IMP
8 crossed the magnetotail 33 times with a typical traversal
lasting ~2.2 days (N.B., the IMP 8 orbital period is 12.2 days).
Given the —50% tracking coverage of IMP 8 during this era,
the total duration of the tail observations collected by IMP 8
during the study interval was ~36 days. Assuming ~3—4 sub-
storms per day [Borovsky et al., 1993], perhaps 100-150 sub-
storms should have occurred while IMP 8 was in the tail and
returning measurements. The 10 events identified would cor-
respond to ~7-10% of the substorms having produced TCR at
IMP 8, which is just slightly less than the frequencies of occur-
rence reported by Slavir et al. [1990] and Taguchi etal. [1997].
Of these 10 events, Geotail was then found to have been in the
tail for just three of the events at IMP 8 (see Figures 1, 3. 6,
and 9).

The finding of plasmoids in the Geotail measurements for all
three of the IMP 8 events for which Geotail was in the mag-
netotail provides important support for plasmoids as a readily
reproducible substorm phenomenon. Furthermore, the ISTP
era substorm observations provided by geosynchronous space-
craft- and ground-based magnetometer stations have allowed
us to clearly demonstrate the role of plasmoid ejection in the
magnetic flux transfer cycle implicit in the NENL model
[McPherron et al., 1973]. The lobe is first loaded with additional
flux tubes by dayside reconnection, the plasma sheet separating
the two flux laden lobes is then pinched off and ejected tail-
ward in the form of a plasmoid, and, within a few minutes, the
substorm expansion phase proceeds powered by the dissipation
of stored magnpetic energy from the lobes.

A primary objective of this study was the comparison of
direct measurement of how fast plasmoids move down the tail
in contrast with the time-of-flight method which has been ap-
plied previously to the ISEE 3 and Geotail plasmoid/TCR
populations [Baker et al., 1987; Slavin et al., 1993; Nagai et al.,
1994]. In our study, TOF speeds were determined using the
observation of the center of TCR at IMP 8 as the start and the
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arrival time of the midpoint of the plasmoid at Geotail as the
start time. As summarized in Table 1, TOF downtail speeds of
~400-700 km/s, respectively, were determined for these plas-
moid events in excellent agreement with the range of values
reported in earlier studies [Richardson et al., 1987; leda et al.,
1997]. Comparison with the in situ plasma bulk speeds for the
first two plasmoids, where Geotail penetrated deeply into the
plasmoid, show the in situ speeds to be higher than the TOF
speeds by 25 and 56%, respectively. These speed differences
are much greater than the nominal ~10% accuracy of LEP
bulk flow speeds in the plasma sheet. Such a discrepancy could
be readily explained by the existence of a finite acceleration
time following the release of the plasmoid. In fact, such grad-
ual acceleration of plasmoids with increasing downtail distance
have been reported previously | Gloeckleret al., 1984; leda et al .,
1997]. However, a unique determination of how the plasmoid
forms, evolves with time, and moves downtail using a small
number of two-spacecraft events is of course not possible, but
these results may stimulate further theoretical modeling and
statistical analysis.

A two spacecraft study of plasmoid ejection similar to this
one was conducted by Moldwin and Hughes [1992b] using the
IMP 8 and ISEE 3 measurements. Despite large data gaps due
to a lack of onboard tape recorders, one clear example of a
TCR at IMP 8 followed by a plasmoid at ISEE 3 (X = —168
R ) was found. Interestingly, there was an unusually long time
delay between the two spacecraft compared with the events in
this study of ~71 min. However, the extremely slow time-of-
flight speed indicated by these observations, ~200 km/s, was
confirmed by the ISEE 3 bulk speed measurements laken
within the plasmoid. By comparison, the 20- to 44-min transit
times between IMP 8 and Geotail at X = —170 to - 197 Rz
found in this study are in excellent agreement with the mean
30-min delays for transit to X — —200 Ry determined by
superposed epoch and regression analyses of plasmoid and
TCR arrival times [Nagai et al., 1994; Slavin et al.. 1993; Baker
et al., 1987].

A second objective of this study is the comparison of the
plasmoid lengths determined by Geotail to the downstream
distance of IMP 8 at the time of its TCR observations. It is at
once apparent that with lengths of ~27 to 40 R (see Table 1)
these plasmoids could not have formed completely earthward
of IMP 8 given its location at X = —29 to —37 Rp. Rather,
as argued by Slavin et al. [1990] and Taguchi et al. [1997], the
IMP 8 TCR draping signatures must be associated only with
the Earthward portion of plasmoids forming, for the most part,
farther down the tail. Such an interpretation, as pointed out by
this earlier studies, is consistent with the relative weakness of
the leading northward B_ perturbation relative to the trailing
southward B. portion of the typical IMP 8 TCR signature.

While not the primary objective of this study, the events
considered here have offered an opportunity to examine the
structure of plasmoids in the distant tail, It is well known that
plasmoids do not generally exhibit a minimum in field intensity
at their center as would be expected if they resembled the
O-type neutral lines depicted in some simple cartoons. Rather,
the field strength is relatively constant or a strong “core” field
may be present near the inflection point in the north-then-
south B_ variation [Slavin et al., 1989]. Moldwin and Hughes
[1992a] and Teda et al. [1997] surveyed a large number of
plasmoids in the ISEE 3 deep-tail data set and found that the
magnetic signatures associated with many plasmoids were con-
sistent with helical field topologies. In addition. Lepping et al.

[1995, 1996], Slavin et al. [1995], and Khurana eral. [1995] have
demonstrated that the magnetic fields within some plasmoids
observed by Geotail, ISEE 3, and Galileo could be well fitted
using force-free flux rope models. These modeling studies also
indicated that central axes of plasmoids with flux rope topol-
ogies are generally along the GSM Y direction. While plas-
moids made up of perfectly closed loops with no connection to
the outside environment, as sornetimes portrayed in cartoons,
are not possible in the reality of three-dimensions, it is not
known what fraction of plasmoids eventually evolve to have
force-free flux rope cores. It is interesting to note that of the
two cases in this study where Geotail penetrated deeply into
plasmoids one exhibited magnetic field variations which werc
consistent with a quasi-flux rope topology and one did not. This
result supports the recent studies which suggest that plasmoids
have a complex, highly variable magnetic structure [e.g.. Mukai
et al., 1996]. Although this study was largely concemed with
plasmoid kinematics, these events clearly demonstrate the
need for multipoint observations of the internal evolution of
the plasmoid with increasing downtail distance.

The nature of the energetic particle flows in the outer por-
tions of plasmoids have also been investigated in this study.
Previously, Owen and Slavin [1992] examined the anisotropies
within energetic (£ = 15 keV) ion enhancements associated
with traveling compression regions observed by ISEE 3. In
about half of all TCRs encountered earthward of X = —100
R ., the observed anisotropies indicated that the ion dynamics
were at least partially controlled by the effects of a more
distant neutral line. Hence distant neutral lines may be active
during plasmoid ejection and result in plasmoids continuing to
encounter newly closed magnetic flux tubes as they move tail-
ward. This view is strongly supported by the energetic particle
measurements reported in this study where separatrix layers
and carthward/tailward streaming could be clearly be seen
before/after the plasmoid encounters. Hoshino etal. [1996] and
Kawano et al. [1996] report that earthward thermal plasma
flows are often observed just prior to plasmoid passage and its
associated flast tailward flows. More specifically, they observe
an earthward beam of plasma in the outer PSBL and bidirec-
tional [Hoshine et al., 1996] or tailward [Kawano et al., 1996]
streaming in the inner PSBL. Again, this would mean that the
tailward moving plasmoid may still be surrounded by flux tubes
recently closed at a distant neutral line. Such a scenario was
originally suggested by Nishida et al. [1986] on the basis of his
study of slowly moving, “quasi-stationary” plasmoids with
ISEE 3 observations. Further evidence of active reconnection
sites tailward of Geotail during plasmoid encounters was pre-
sented by Mukai et al. [1996] in his study of plasma distribution
functions within plasmoids and the surrounding PSBL. Despite
the dominance of strong tailward bulk flows, they reported
earthward jetting components in many of the individual distri-
butions continues until the ejection of a new plasmoid forces it
out the far end of the tail.

Given the scenario for plasmoid formation and ejection just
described, some scale length estimates can be made as follows.
The time 7, for a signal to propagate from the earthward edge
of the plasmoid bulge, where the open flux tubes are draped
around it, to the distant X line can be roughly estimated as
74 = AX/V,. Here AX is the distance between the earthward
edge of the plasmoid bulge and the distant X line and V4 is the
Alfven speed in the recently reconnected lobe flux tubes, ~10°
km/s based upon averages over the cis-lunar tail lobes [Slavin
et al., 1985, 1994]. When 1, is larger than the characteristic
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time for closing the open flux tubes at the distant X line, 7gg,
the magnetic field and plasma dynamics at the distant X line
are largely unaffected by the near-Earth reconnection and
tailward motion of the plasmoid bulge. At this stage the whole
region between NENL and the distant X line probably should
not be considered as a plasmoid in the sense of it being a single
cohesive structure because different parts of this region be-
tween the two X lines can move independently with different
bulk flow velocities. The distance AX will decrease with lime as
the plasmoid bulge moves toward the distant X line. It is
reasonable to assume that the distant X line “learns” that a
new NENL has formed when 1, become comparable with g
At this stage the dynamic consequences of the reconnection in
the vicinity of the distant X line can be observed, e.g., in the
expansion of the PSBL in the =Z directions. A knowledge of
the reconnection rate at the distant X line should in principle
allow us to estimate plasmoid dimensions, AX, as this region
begins to behave as a cohesive structure, i.e, when 7, ~ Tgg.
For example, let us assume that the characteristic time for
closing the open flux tubes at the distant X line, 7gg, is about
3 min. This time is consistent with a simple estimate 7gz ~
L_jV_, where L_is a characteristic thickness for the distant current
sheet, e.g., ~1 R, and V/_ is a characteristic convection speed
into the reconnection region, e.g.. —35 kmy/s. For 7gp ~ 3 min
and V', ~ 10 km/s, the condition 7, ~ AX/V, ~ 7gg vields
a plasmoid length of AX ~ V 7gg ~ 28 Rj. This value is in
reasonable agreement with average plasmoid lengths derived
in this study and the 10-60 R, values found by earlier statis-
tical studies [Richardson er al., 1987; Moldwin and Hughes,
1992a; Slavin et al., 1993; Nagai et al. 1994; A. leda et al.,
submitted manuscript. 1997).

4. Summary

In summary, these ISTP multispacecraft observations have
shown that (1) the events presented here, and the one studied
earlier by Moldwin and Hughes [1992b], confirm that TCRs at
IMP 8 are indeed associated with the ejection of plasmoids
down the tail; (2) the plasmoid lengths measured by Geotail,
~27 to 40 Rg, require that at least a portion of plasmoid
formation take place beyond the IMP § orbit; (3) for the two
events in which Geotail passed deeply into the plasmoid, the
measured bulk speeds were significantly larger than the time-
of-flight speeds between IMP 8 and Geotail suggesting some
additional acceleration after their initial release; (4) all three
of our events exhibited tail lobe flux loading/unloading and/or
growth phase plasma sheet thinning (depending upon the
spacecraft trajectory through the regions of the tail); (5) in
each case plasmoid release took place at or within a few min-
utes of substorm expansion phase onset; and (6) the energetic
particle and magnetic field observations suggest that reconnec-
tion at a preexisting active distant X line near X = —200 R
continues to add magnetic flux to the plasmoid and populate
the surrounding PSBL with earthward streaming plasma as it is
ejected tailward.

Finally, we have discussed the implications of these results
for plasmoid formation/ejection and presented analytic argu-
ments which predict plasmoid length scales comparable to
those reported here and elsewhere. These results are impor-
tant because a thorough and, ultimately, quantitative under-
standing of where and why reconnection takes place in the tail
and how these neutral lines move and evolve during substorms
is essential to future progress in the understanding of magne-

totail dynamics. In addition, other important processes may
play critical roles in preparing the magnetosphere for recon-
nection to take place and they, too, must be understood [eg.,
Lui et al, 1991]. 1t is hoped that the further analysis and
distillation of ISTP events such as those presented here will
build the foundation for major advances in theory and model-
ing,
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